Introduction {#Sec1}
============

Heat shock proteins (HSPs) are ubiquitous polypeptides present in all living organisms, from bacteria to humans. They participate in several basic cellular processes, including protein folding, assembly of multiprotein complexes, as well as protein transport and degradation. In this regard, they have been coined molecular chaperones (Hartl and Hayer-Hartl [@CR29]). Although many HSPs are present constitutively in cells, other members are expressed or overexpressed during stress conditions, such as increases in temperature or exposure to harmful chemicals. The expression of these proteins facilitates a rapid recovery from the stress preserving survival and prompting protection from subsequent insults (De Maio [@CR15]). Unfortunately, the protective ability of these proteins may be a factor for the prolonged endurance of cancer cells that displayed abnormally high expression levels of HSPs (Calderwood [@CR10]; Lang et al. [@CR38]).

The HSP family is composed of several members of different molecular weights that were initially used for their classification (e.g., Hsp70s, Hsp90s) that has now been simplified with a new nomenclature (Kampinga et al. [@CR33]). Each of these groups is also composed of various members. For example, the Hsp70 (HSPA) family is made up of four proteins with different subcellular localizations. Hsc70 or HSPA8 (constitutive) and Hsp70 or HSPA1 (stress-inducible) are both present in the cytosol/nucleus, mortalin or HSPA9 is localized in the mitochondrial matrix, and 78-kDa glucose-regulated protein (GRP78), binding immunoglobulin protein (BIP), or HSPA5 is present in the ER lumen (De Maio [@CR15]). A common feature of Hsp70s (HSPAs) is that they are flexible proteins containing two regions, the nucleotide-binding and peptide-binding domains (NBD and PBD, respectively), connected by a short hydrophobic linker. NBD is within the N-terminal end containing ATPase activity, whereas PBD is within the C-terminal end and is involved in the binding of client polypeptides (Mayer et al. [@CR44]; da Silva and Borges [@CR13]). These two domains coordinate the folding process that is mediated by a bidirectional heterotrophic allosteric mechanism driving a conformational change from an open state in the presence of ATP that established the initial interaction with the client polypeptide to a closed state upon conversion of ATP into ADP retaining the target polypeptide. This process is modulated by co-chaperone molecules (Young [@CR60]; da Silva and Borges [@CR13]).

Although the folding process occurs inside the cell, extensive and compelling evidence has shown that HSP are also present outside the cells, apparently acting as signaling molecules participating in the communications between cells (De Maio [@CR16]; De Maio [@CR17]). The mechanism for the export of cytosolic HSP into the extracellular environment is still unclear, particularly because these proteins do not have the respective signal for the translocation into the classical secretory pathway. Thus, the challenge for cytosolic HSPs to reach the extracellular space is crossing the hydrophobic environment provided by the plasmalemma. Although the translocation across the plasma membrane appears as thermodynamically impermissible, there are broad reports showing the presence of HSP, particularly Hsp70 (HSPA1), embedded into the plasma membrane of transformed cells (Multhoff and Hightower [@CR46]). Moreover, the insertion of HSP into lipid membranes has been corroborated by several studies using artificial lipid bilayers (Arispe and De Maio [@CR3]; Vega et al. [@CR57]; Armijo et al. [@CR5]; Macazo and White [@CR43]; De Maio et al. [@CR19]). The interaction of HSP with the plasma membrane is likely the first step for their export mechanism (De Maio [@CR16]). One possibility is that membrane HSPs are released in association with exosomes from viable cells (Gastpar et al. [@CR26]; Vega et al. [@CR57]). However, HSPs may also be discharged from dying necrotic cells (Basu and Srivastava, [@CR6]; De Maio and Vazquez [@CR18]).

Among all HSPs, the only one that could follow the classical secretory pathway is HSPA5 that is present in the ER lumen (Lee [@CR39]; Pobre et al. [@CR51]). HSPA5 has the same structural characteristics of all HSPAs with two domains, NBD and PBD. In addition, HSPA5 presents a leading sequence at the N-terminus end that is responsible for its translocation into the ER lumen and an ER retention signal (KDEL) at the carboxyl-terminal end. HSPA5 participates in the translocation of newly synthesized polypeptides across the ER membrane (Casanova-Morales et al. [@CR11]; Pobre et al. [@CR51]), in protein folding and quality control (Haas and Wabl [@CR28]), in targeting misfolded proteins for degradation (Gardner et al. [@CR25]; Oikonomou and Hendershot [@CR49]), and in the unfolded protein response (Luo and Lee [@CR42]; Wang and Kaufman [@CR58]).

HSPA5 was reported present on the plasma membrane (Suzuki et al. [@CR54]; Delpino and Castelli [@CR20]; Zhang et al. [@CR62]), in which it acts as a signal-transducing receptor or co-receptor for soluble ligands (Zhang et al. [@CR61]). Also, cell-surface HSPA5 appears to be involved in tumor survival, proliferation, and resistance (Pfaffenbach and Lee [@CR50]). Interestingly, cell-surface HSPA5 is a potential binding site for various viruses, including Borna disease (Honda et al. [@CR30]), Coxsackie, dengue virus serotype 2, and Japanese encephalitis (Kottom et al. [@CR36]). Most recently, HSPA5 could be a receptor for the corona viral spike protein (Chu et al. [@CR12]), including the novel SARS-CoV-2 (Ibrahim et al. [@CR32]), responsible for the COVID-19 pandemic. Although the presence of HSPA5 within the plasma membrane is controversial since this protein lacks a consensus transmembrane domain, it has been proposed that several domains are indeed embedded into the membrane (Tsai et al. [@CR55]), particularly the C-terminus end (Tseng et al. [@CR56]). In order to establish a possible insertion mechanism, we investigated the interaction of HSPA5 with liposomes. We found that HSPA5 has great selectivity for negatively charged phospholipids, similar to HSPA1 (Arispe et al. [@CR4]; Armijo et al. [@CR5]). Moreover, HSPA5 N-terminal and C-terminal domains could independently interact with phospholipid membranes, but to a lesser extent than the full-length protein, suggesting a synergetic mechanism of both domains in binding to membranes. Finally, we observed that HSPA5 undergoes an oligomerization process upon membrane insertion mediated by intermolecular disulfide bond formation.

Methods {#Sec2}
=======

Sequence and alignment HSPA proteins and their expression/isolation {#Sec3}
-------------------------------------------------------------------

The amino acid sequences of HSPA5 (UniProtKB, P11021) and HSPA1 (UniProtKB, P0DMV8) were evaluated by the Clustal Omega online tool (<https://www.ebi.ac.uk/Tools/msa/clustalo/>) and used for global alignment. Synthetic coding DNA for full-length human HSPA5 without the leading signal peptide for ER translocation (HSPA5-FL: AA 25 to 654), N-terminal end (HSPA5-N; AA 25 to 426), C-terminal end (HSPA5-C; AA 432 to 654), HSPA5 without KDEL retention motif (HSPA5-~~KDEL~~; AA 25 to 634), full-length HSPA1 (HSPA1-FL; AA 1 to 641), N-terminal (HSPA1-N; AA 1 to 377), and C-terminal (HSPA1-C; AA 383 to 641) were synthesized by Epoch Life Science Inc. in frame with the pET28a vector containing a His-tag epitope at the N-terminus end. *Escherichia coli* BL21 (DE3) cells were transformed with the constructs and grown at 37 °C in LB medium in the presence of kanamycin (50 μg/mL). Protein expression was induced (A~600\ nm~ \~ 0.6) by the addition of IPTG (0.4 mM) at 30 °C. After 4 h, the cells were harvested by centrifugation at 2600×*g* for 30 min. The cell pellet was lysed, and protein purification was performed as described by Dores-Silva et al. ([@CR22]). Briefly, proteins were isolated by a single chromatographic step on a Ni^2+^-immobilized affinity column, step-washed with 20 mM phosphate buffer pH 7.5 containing 100 mM NaCl. The protein was eluted in the same buffer with the addition of imidazole (500 mM). Proteins were dialyzed against 50 mM Tris-HCl buffer (pH 7.5). The purity of recombinant proteins was evaluated by lithium dodecyl sulfate-polyacrylamide gel electrophoresis (LDS-PAGE). The protein concentration was determined spectrophotometrically using the extinction coefficient calculated for each protein under native conditions.

Liposome preparation and incorporation of proteins {#Sec4}
--------------------------------------------------

Liposomes were prepared using the extrusion method, as previously described (Lopez et al. [@CR41]). Briefly, palmitoyl-oleoyl phosphocholine (POPC), palmitoyl-oleoyl phosphoserine (POPS), palmitoyl-oleoyl phosphoethanolamine (POPE), and cardiolipin, 1′,3′-bis\[1,2-dimyristoyl-sn-glycero-3-phospho\]-glycerol (CL) (Avanti Polar Lipids) were dissolved in CHCl~3~ (10 mg/mL) and dried under a nitrogen gas stream. The dried lipid (400 μg) was resuspended in 50 mM Tris-HCl buffer (pH 7.5), vortexed 6 times for 30 s with intervals of 5 min. The suspension was extruded using a 100 nm membrane filter by 15 passages. The size of the liposomes (100 nm) was confirmed by Nano Tracking Analysis (NTA) using the Nanosight NS300 instrument. Liposomes (400 μg) were incubated with the respective proteins in 50 mM Tris-HCl buffer (pH 7.5) for 30 min at 25 °C with continuous agitation. The mixture was centrifuged at 100,000×*g* for 1 h at 4 °C. The pellet was resuspended (300 μL) in 100 mM Na~2~CO~3~ buffer (pH 11.5) and centrifuged at 100,000×*g* for 1 h at 4 °C. The pellet was solubilized in sample buffer in the presence or absence of 10 mM of β-mercaptoethanol (βM), and the proteins were resolved by LDS-PAGE and visualized by staining with Coomassie Brilliant Blue R-250 (Thermo Fisher Scientific, Waltham, MA).

Spectroscopy studies {#Sec5}
--------------------

The secondary structure of HSPA5-FL was assessed by circular dichroism in the absence or presence of POPS or CL liposomes. Circular dichroism measurements were performed using a J-815 spectropolarimeter (Jasco Inc.) coupled to the Peltier system PFD 425S. HSPA5-FL in Tris-HCl 50 mmol L^−1^ (pH 7.5) buffer at final concentrations between 5 and 10 μM was analyzed in 1 mm path-length cuvette at 25 °C. The tests were conducted before and after HSPA5-FL incorporation into the liposomes at a final concentration of 0.6 mg/mL. All data were normalized to the mean residue ellipticity (\[Θ\]) (Dores-Silva et al. [@CR22]).

Isothermal titration calorimetry {#Sec6}
--------------------------------

The interaction of HSPA5-FL with POPS and CL liposomes was assessed by isothermal titration calorimetry (ITC) using an iTC200 microcalorimeter (GE Healthcare Life Sciences). Experiments were conducted by titrating seventeen aliquots of 2 μL of liposomes (POPS or CL) at 3 mM into 203.8 μL of 10--15 μM of HSPA5-FL, at 25 °C. The experimental isotherm curves were analyzed to yield the association constant (K~A~), apparent enthalpy change (ΔH~app~), and stoichiometric coefficient (n), as previously described (Batista et al. [@CR7]; Borges and Ramos [@CR9]; Dores-Silva et al. [@CR22]). The dissociation constant (K~D~) was obtained as the inverse of K~A~. The apparent Gibbs energy change (ΔG~app~) was calculated using the relation \[∆G\]~app~ = − RTlnK~A~, and the apparent entropy change \[ΔS\]~app~ was determined by the equation: \[∆G\]~app~ = \[∆H\]~app~ -- T\[∆S\]~app~.

Recombinant HSPA5 resistance to protease digestion {#Sec7}
--------------------------------------------------

Recombinant HSPA5-FL or HSPA1-FL (5 μg) incorporated into POPS or CL liposomes (400 μg) was incubated with proteinase K (5 μg/mL) for 1 h at 25 °C in 50 mM Tris-HCl buffer pH 7.5, and the HSPA liposomes were centrifuged at 100,000×*g* for 1 h at 4 °C. Pellets were resuspended in LDS sample buffer in the presence of 10 mM of βM, resolved by LDS-PAGE, and visualized using Coomassie Brilliant Blue R-250 staining.

Aggregation assay {#Sec8}
-----------------

The aggregation of HSPA5-FL or HSPA1-FL and subdomains (20 μg) incorporated into liposomes (POPS or CL, 400 μg) was monitored by absorbance at 340 nm every 10 s for approximately 1 h while maintaining the temperature constant at 25 °C (Kiraly et al. [@CR35]). HSPA5-FL and HSPA1-FL in the absence of liposomes were subjected to the same procedure, as controls. The assay was performed in quadruplicate.

Results {#Sec9}
=======

Comparison between HSPA5 and HSPA1: identity, production, and purification {#Sec10}
--------------------------------------------------------------------------

A comparison of the alignment of full-length HSPA5 and HSPA1 showed that they share about 64% identity in their primary sequence, with the N-terminal end displaying approximately 68% identity and the C-terminal end about 58% (Fig. [1a](#Fig1){ref-type="fig"}). HSPA5 has an ER translocation leading signal at the N-terminus end (Fig. [1a](#Fig1){ref-type="fig"}, shadow underlying box) and an ER retention signal (KDEL) at the C-terminus end (Fig. [1a](#Fig1){ref-type="fig"}, hexagon). HSPA5 contains two cysteine residues, one within the N-terminus end and the second within the C-terminal end (Fig. [1a](#Fig1){ref-type="fig"}, black boxes). In contrast, HSPA1 has five cysteine groups, three on the N-terminal end, and two on the C-terminal end (Fig. [1a](#Fig1){ref-type="fig"}, black boxes). The cysteine at the N-terminal end of HSPA5 is the only one in common with HSPA1 (Fig. [1a](#Fig1){ref-type="fig"}, black box with an arrow). We generated several HSPA5 constructs to investigate their interaction with lipid membranes, including full-length (HSPA5-FL), a deletion of the ER retention signal (HSPA5-~~KDEL~~), and the N- or C-terminus end domains (HSPA5-N and HSPA5-C, respectively). In addition, we generated full-length HSPA1 (HSPA1-FL) and both N- or C-terminus end domains (HSPA1-N and HSPA1-C, respectively). The proteins were produced in *E. coli*, purified by Ni^2+^-affinity chromatography with high purity (more than 92%), and visualized by LDS-PAGE (Fig. [1b and c](#Fig1){ref-type="fig"}, respectively).Fig. 1HSPA5 and HSPA1 share a high identity, and the proteins were isolated with high purity. **a** The global alignment between HSPA5 and HSPA1 indicates 64% of identity, which is considered high. The N-terminal of these proteins presents approximately 68% (flat gray rectangle), and the C-terminal presents 58% of identity (dark gray flat rectangle). Cysteine groups are indicated by black boxes, two for HSPA5 and five for HSPA1. The ER translocation signal peptide is displayed by the shadow area, and the ER retention signal (KDEL) is indicated by a hexagon. **b** HSPA5-FL, HSPA5-~~KDEL~~, HSPA5-N, and HSPA5-C. **c** HSPA1-FL, HSPA1-N, and HSPA1-C. Proteins were purified as described in [Methods](#Sec2){ref-type="sec"}. All steps for the production and isolation process were visualized by LDS-PAGE and Coomassie blue staining. All proteins were obtained with more than 92% purity.

Full-length and both N- or C-terminus end domains of HSPA5 and HSPA1 interact preferentially with negatively charged phospholipids {#Sec11}
----------------------------------------------------------------------------------------------------------------------------------

We evaluated the ability of HSPA5 to associate with membranes containing a variety of phospholipids. Unilamellar liposomes were made of POPC, POPS, POPE, or CL phospholipids, which are common components of cellular membranes. These liposomes were incubated with HSPA5-FL, HSPA5-~~KDEL~~, HSPA5-N, or HSPA5-C for 30 min at 25 °C. Then, liposomes were separated from the soluble protein by high-speed centrifugation (100,000×*g*), and the resulting liposome pellet was analyzed by LDS-PAGE as previously described (Armijo et al. [@CR5]). HSPA5-FL showed a similar level of incorporation into liposomes made of POPS or CL, which are both negatively charged phospholipids (60% ± 6 and 54% ± 5, respectively). In contrast, the protein was not inserted into liposomes containing POPC or POPE (Fig. [2a](#Fig2){ref-type="fig"}). This finding is consistent with previously reported observations indicating preferential association of HSPA1 for negatively charged phospholipids (Arispe et al. [@CR4]; Armijo et al. [@CR5]). Removal of the ER retention signal (HSPA5-~~KDEL~~) did not affect the incorporation level into negatively charged liposomes in comparison with the full-length protein (Fig. [2a](#Fig2){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). Both HSPA5-N and HSPA5-C also incorporated preferentially into negatively charged phospholipids, but the level of insertion was reduced as opposed to full-length protein (Fig. [2a](#Fig2){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). These observations suggest that the full-length protein is required for maximum incorporation into the lipid bilayer, but each N- and C-terminal end domain has an intrinsic capacity to interact with liposomes. We also tested whether the N-terminal and C-terminal ends of HSPA1 were capable of getting incorporated into liposomes. The incorporation of these protein fragments into negatively charged phospholipid liposomes was also reduced with respect to full-length protein (Fig. [2b](#Fig2){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}).Fig. 2HSPA5 and HSPA1 and full-length and both N- and C-terminus end domains interact preferentially with negatively charged liposomes. **a** HSPA5-FL, HSPA5-~~KDEL~~, HSPA5-N, and HSPA5-C and **b** HSPA1-FL, HSPA1-N, and HSPA1-C (4 μg) were incubated with liposomes made of POPC, POPE, POPS, and CL (400 μg) in 50 mM Tris-HCl buffer (pH 7.5) for 30 min at 25 °C with continuous agitation. The mixture was centrifuged at 100,000×*g* for 1 h at 4 °C. The pellet was resuspended (300 μL) in 100 mM Na~2~CO~3~ buffer pH 11.5 and centrifuged at 100,000×*g* for 1 h at 4 °C. Proteoliposomes were solubilized in sample buffer containing 10 mM βM, and the proteins were resolved by LDS-PAGE and visualized by staining with Coomassie Brilliant Blue R-250. HSPA5-FL, HSPA5~~,~~ and HSPA1-FL showed high affinity for the negatively charged liposomes (POPS and CL). The same behavior was observed for the N-terminus and C-terminus end domain of both proteins. Percentages of incorporation into liposomes are presented in Table [1](#Tab1){ref-type="table"}.Table 1Incorporation percentage of HSPA5, HSPA1, and domains into POPS or CL liposomesHSPA5POPS^&^CL^\#^HSPA1POPS^&^CL^\#^Full-length60% ± 672% ± 5Full-length72% ± 782% ± 7HSPA554% ± 545% ± 6HSPA1-N38% ± 543% ± 5HSPA5-N30% ± 446% ± 4HSPA1-C27% ± 425% ± 4HSPA5-C18% ± 223% ± 3Percentage of protein incorporated into POPS^&^ or into ^\#^CL liposomes

HSPA5 interaction with POPS and CL liposomes is mainly driven by entropic changes {#Sec12}
---------------------------------------------------------------------------------

The interaction of HSPA5-FL with POPS or CL liposomes was evaluated by ITC, and the isothermogram profile showed an exothermic reaction (Fig. [3a and b](#Fig3){ref-type="fig"}). The results indicated that interactions between HSPA5-FL and liposomes were entropically and enthalpically driven, with a higher entropic contribution. The thermodynamic signatures for HSPA5 interaction with POPS and CL liposomes are displayed in Fig. [3c](#Fig3){ref-type="fig"}. The thermodynamic parameters obtained from these analyses are summarized in Table [2](#Tab2){ref-type="table"}. The interaction of both HSPA5 with POPS or CL displayed a ΔG~app~ about − 6000 cal mol, a very low enthalpy ΔH~app~ (− 300 ± 50 cal mol for HSPA5-POPS liposomes and − 400 ± 70 cal mol for HSPA5-CL liposomes), and high values for **--** TΔS~app~ (− 5800 ± 600 cal mol deg for HSPA5-POPS liposomes and − 6100 ± 500 cal mol^−1^ deg^−1^ for HSPA5-CL liposomes) indicating that the entropy variation has a critical role on the HSPA5-liposomes interaction. The K~D~ for HSPA5 association with liposomes made with POPS or CL was 3.5 ± 0.8 μmol/L and 1.6 ± 0.5 μmol/L, respectively. We also assessed the interaction between HSPA5-N, HSPA5-C, HSPA1-N, and HSPA1-C with POPS and CL liposomes. No significant changes in energy variation were observed within the interaction with POPS or CL liposomes, at least in the tested conditions. The secondary structure of HSPA5, before and after insertion into POPS or CL liposomes, was evaluated by far-UV circular dichroism. No differences in secondary structures were observed before or after incorporation into POPS or CL liposomes indicating that the protein within a hydrophobic environment did not change significantly within the secondary structure (Fig. [4](#Fig4){ref-type="fig"}).Fig. 3HSPA5 interaction with POPS and CL liposomes is mainly driven by entropic changes. The thermodynamics parameters were obtained using an iTC200 microcalorimeter. Seventeen 2-μL aliquots of POPS or CL liposomes at 3 mM were injected into 203.8 μL of 10--15 μmol/L recombinant HSPA5-FL, at 25 °C. All solutions were prepared in 50 mM Tris-HCl (pH 7.4) buffer. The experimental isotherm curves were analyzed to obtain the K~A~ and ΔH~app~. **a** HSPA5-FL interaction with POPS liposomes. **b** HSPA5 interaction with CL liposomes. Protein insertion into liposomes was entropically and enthalpically driven, with a higher entropic contribution. **c** Thermodynamic signatures for HSPA5 interaction with POPS and CL shown that the interaction of HSPA5-FL with POPS or CL liposomes has a discrete enthalpy contribution, and it is pretty much entropically driven.Table 2Thermodynamic signature of HSPA5 interaction with POPS and CL liposomes△G (cal mol^−1^)△G (cal mol^−1^)− T△S (cal mol^−1^ deg^−1^)POOPS  HSPA5− 6100 ± 500− 300 ± 50− 5800 ± 600CL  HSPA5− 6500 ± 500− 400 ± 70− 600,100 ± 500Fig. 4HSPA5 secondary structure did not change after insertion into liposomes. Circular dichroism performed for HSPA5-FL (5--10 μM) before and after incorporation in POPS or CL liposomes (3 mM) in 50 mM Tris-HCl buffer pH 7.5. A J-815 spectropolarimeter coupled to the Peltier system, at 25 °C, was used in these experiments. The secondary structures of HSPA5-FL APO and after incorporated in POPS or CL liposomes presented no differences, suggesting that incorporation of protein into liposomes had no effect in the secondary structure.

HSPA5 and HSPA1 appear to interact differently with POPS or CL liposomes {#Sec13}
------------------------------------------------------------------------

In order to get an idea of the topology of HSPA5-FL and HSPA1-FL within liposomes, these two proteins, after insertion into the liposomes, were incubated with proteinase K for 30 min at 25 °C. Then, the liposomes were pelleted by high-speed centrifugation and analyzed by SDS-PAGE. HSPA5-FL and HSPA1-FL within POPS liposomes were highly susceptible to proteinase K degradation (Fig. [5a and b](#Fig5){ref-type="fig"}, respectively), with the recovery of discrete low molecular weight peptides (about 18 kDa) that were still associated within the liposomes (see bracket at the bottom of the gel). This observation suggests that a good portion of these proteins are exposed on the surface of the liposome.Fig. 5HSPA5 and HSPA1 interact differently with POPS or CL liposomes. HSPA5-FL or HSPA1-FL (4 μg) were incubated with POPS or CL liposomes (400 μg) in 50 mM Tris-HCl buffer (pH 7.5) for 30 min at 25 °C with continuous agitation. The mixture was centrifuged at 100,000×*g* for 1 h at 4 °C. The pellet was resuspended (300 μL) in 100 mM Na~2~CO~3~ buffer pH 11.5 and centrifuged again at 100,000×*g* for 1 h at 4 °C. The pellet was resuspended in 50 mM Tris-HCl buffer pH 7.4 and incubated with proteinase K (5 μg/mL) for 30 min at 25 °C and centrifuged for 1 h at 100,000×*g*. The pellet was solubilized in sample buffer containing 10 mM βM, and the proteins were resolved by LDS-PAGE and visualized by staining with Coomassie Brilliant Blue R-250. **a** HSPA5 in POPS liposomes**. b** HSPA1-FL in POPS liposomes. **c** HSPA5-FL in CL liposomes. **d** HSPA1-FL in CL liposomes. Brackets indicate low molecular weight peptides retained within the liposomes after protease digestion.

In contrast, HSPA5-FL and HSPA1-FL inserted into CL liposomes were very resistant to proteinase K digestion (Fig. [5c and d](#Fig5){ref-type="fig"}, respectively), suggesting that these proteins are completely embedded into the lipid bilayer or within the liposome lumen. Another explanation for the resistance of HSPA5-FL and HSPA1-FL within CL liposomes to proteinase K digestion is that the proteins within these liposomes are sheltered, avoiding the interaction with the protease, which could be due to liposome aggregation. This possibility was evaluated by monitoring changes in absorbance at 340 nm (A~340nm~) at a constant temperature (25 °C) for 60 min. Indeed, the aggregation of HSPA5-FL or HSPA1-FL CL liposomes was evident (Fig. [6a](#Fig6){ref-type="fig"}). This observation was confirmed by direct visualization of the aggregates on 96-well plates on which the protein solution became cloudy suggesting the formation of particular forms or aggregates (Fig. [6b](#Fig6){ref-type="fig"}). In contrast, the proteins did not show signs of aggregation in the absence of liposomes as detected by the lack of changes in absorption (Fig. [6a](#Fig6){ref-type="fig"}) or direct visualization in which the solution remains clear (Fig. [6b](#Fig6){ref-type="fig"}). Furthermore, HSPA5-FL or HSPA1-FL within POPS liposomes or in the absence of liposomes did not show any aggregation process (Fig. [6c and d](#Fig6){ref-type="fig"}). These observations suggest that the resistance to proteinase K digestion is likely due to the aggregation process.Fig. 6CL liposomes aggregated in the presence of Hsp70s. The aggregation of POPS or CL liposomes with or without incorporation of HSPA5-FL (**a**, **b**) or HSPA1-FL (**c**, **d**) in 50 mM Tris-HCl 50 buffer (pH 7.5) was monitored by the changes in absorbance at 340 nm every 10 s for 1 h at 25 °C. **a** and **c** aggregation pattern. **b** and **d** visualization of aggregates in 96-well plates.

HSPA5 and HSPA1 oligomerize upon insertion into POPS or CL liposomes via a disulfide bond within the N-terminal end domain {#Sec14}
--------------------------------------------------------------------------------------------------------------------------

Prior studies have shown that several members of the HSPA family form dimers and oligomers in solution (Guidon and Hightower [@CR27]; Benaroudj et al. [@CR8]; Gao et al. [@CR24]; Aprile et al. [@CR2]), which was modulated by the presence of nucleotides (Kim et al. [@CR34]; Benaroudj et al. [@CR8]) or by temperature (Angelidis et al. [@CR1]; Kiraly et al. [@CR35]). Moreover, it was reported that HSPA1 formed high molecular weight oligomers within liposomes made of POPS with different types of saturation as determined by Western blotting after LDS-PAGE in the presence of reducing agents (Armijo et al. [@CR5]). Thus, we investigate whether or not HSPA5-FL could also form oligomers after insertion into POPS or CL liposomes. We detected HSPA5-FL oligomers after insertion into POPS or CL liposomes only if the material was subjected to LDS-PAGE in the absence of βM, but not if the reducing agent was used (Fig. [7a and c](#Fig7){ref-type="fig"}, see bracket). Dimers were also detected when the HSPA5-N was incorporated into POPS or CL liposomes in the absence of βM (Fig. [7e and g](#Fig7){ref-type="fig"}), whereas these dimers were not detected if the C-terminus end of this protein was used even in the absence of βM (HSPA5-C data no shown). Similar observations were made for HSPA1-FL and HSPA1-N (Fig. [7b, d, f, and h](#Fig7){ref-type="fig"}).Fig. 7Aggregation profile of HSPA5 and HSPA1 and the respective N-terminal end domain after incorporation into liposomes. HSPA5-FL and HSPA5-N or HSPA1-FL and HSPA1-N and HSPA1-N were incorporated into POPS (**a**, **b**, **e**, **f**) or CL (**c** ,**d** ,**g** ,**h**) liposomes in 50 mM Tris-HCl buffer (pH 7.5) for 30 min at 25 °C. The mixture was centrifuged at 100,000×*g* for 1 h at 4 °C. The pellet was resuspended (300 μL) in 100 mM Na~2~CO~3~ buffer (pH 11.5) and centrifuged at 100,000×*g* for 1 h at 4 °C. The pellet was solubilized in sample buffer containing or not 10 mM βM, and the proteins were resolved by LDS-PAGE and visualized by staining with Coomassie Brilliant Blue R-250. The presence of dimers and oligomers is indicated.

Discussion {#Sec15}
==========

The biological role of HSPs has bypassed their initial interest as intracellular molecular chaperones after their detection outside the cells. Extracellular HSPs appear to play a signaling function mediating the communication between cells or perhaps as stress sentinel beacons (De Maio [@CR16]). A major question that has emerged is how these cytosolic HSPs, which lack a secretory signal, could escape the intracellular environment and reach the outside milieu. HSPs are not alone in this regard since many other cytosolic proteins follow the same pathway moving into the extracellular environment by an unclear mechanism, namely, the nonclassical secretory pathway (Nickel and Seedorf [@CR48]). Although many mechanisms have been proposed to explain this alternative export pathway, the crossing of the plasma membrane is a necessary requirement for the process. However, the conventional wisdom states that the crossing of the plasma membrane by a protein without a bona fide hydrophobic domain is thermodynamically forbidden. In spite of these assumptions, HSPs, particularly Hsp70 (HSPA1), is present embedded into the plasma membrane of transformed cells (Multhoff et al. [@CR47]; Multhoff and Hightower [@CR46]). The disbelief in these observations was challenged by further studies demonstrating that several HSPAs were capable of inserting into lipid bilayers opening ion conductance pathways (Arispe and De Maio [@CR3]; Vega et al. [@CR57]; Macazo and White [@CR43]). Even with this evidence, the mechanism for membrane insertion has remained elusive, particularly since these proteins lack a consensus hydrophobic domain that could explain membrane interaction.

In contrast with other HSPAs, HSPA5 (Grp78 or BIP) is present in the secretory pathway that opens the possibility for its traffic outside the cells. Indeed, HSPA5 was reported secreted into the extracellular milieu (Delpino and Castelli [@CR20]; Zhang et al. [@CR62]). Even more interesting, this protein was also detected on the surface of cancer cells (Delpino and Castelli [@CR20]; Zhang et al. [@CR61], [@CR62]). These observations have raised several intriguing questions. Firstly, how is HSPA5 exported outside the ER in spite of presenting a retaining signal (KDEL)? HSPA5 was found to escape this subcellular compartment after ER stress (Zhang et al. [@CR62]). Secondly, how does the protein get inserted into the plasma membrane? Prior studies have suggested that HSPA5 displays several potential domains, particularly within the C-terminus end (Tseng et al. [@CR56]), that could explain the insertion into the plasma membrane (Zhang et al. [@CR62]; Tsai et al. [@CR55]). In the current study, we directly addressed how HSPA5 could interact with lipid membranes by analyzing their association with liposomes. We found that HSPA5 also has the same specificity of other HSPAs for negatively charged phospholipids, such as phosphatidylserine and palmitoyloleoyl phosphatidylglycerol (Arispe et al. [@CR4]; Schilling et al. [@CR52]; Armijo et al. [@CR5]). Moreover, both N- and C-terminus end domains of the protein could independently get inserted into negatively charged liposomes, but with less efficiency than the full-length protein, suggesting a synergy between the domains in binding to the liposomes. This observation supports the idea that multiple domains of HSPA5 are associated with the lipid membrane. However, the full-length protein is required for maximum insertion.

The insertion of HSPA5 into liposomes was mediated by entropic changes, probably due to changes in water molecules surrounding the protein, without affecting the secondary structure of the protein. However, the most interesting observation is that HSPA5, as well as HSPA1 undergoing an oligomerization process upon membrane insertion, is mediated by the formation of disulfide bonds. HSPA5 contains two cysteine groups, one at the beginning of the N-terminus end and the second at the C-terminus end (Fig. [1a](#Fig1){ref-type="fig"}). Although there is no evidence that these cysteine groups could form intramolecular bridges, we think that they produce intermolecular bonds coordinating the assembly of oligomeric complexes. This multi-polypeptide complex appears to assemble after insertion into the lipid bilayer since it was observed only in the presence of phospholipids (Fig. [6](#Fig6){ref-type="fig"}). Therefore, the lipid bilayer may provide an oxidative environment capable of forming these disulfide bridges. Moreover, we found that the N-terminus end domain was capable of forming dimers, whereas the C-terminus end was not. Thus, the cysteine within the N-terminus end of the proteins may be in the right conformation to form intermolecular complexes. A puzzling observation is that multiple oligomers were only observed in the case of the full-length protein, whereas only dimers were noticed when the N-terminus domain was inserted into the liposomes. A possible explanation for these results is that intermolecular disulfide bonds could be formed between the N-terminus end and the C-terminus domain of an adjacent polypeptide. Tandem repeats of HSPA5 in an antiparallel conformation may be assembled within the lipid bilayer (Fig. [8](#Fig8){ref-type="fig"}). These observations were also seen for HSPA1 that share the same cysteine group on the N-terminus end as HSPA5 (Fig. [1a](#Fig1){ref-type="fig"}). Indeed, cytosolic Hsp70 (HSPA1) formed antiparallel dimers (Morgner et al. [@CR45]). Other studies have also detected the presence of HSPA1 oligomerization forms upon insertion into POPS liposomes (Armijo et al. [@CR5]). Interestingly, DnaK, which contains only one cysteine group, formed dimers but not oligomers (Lopez et al. [@CR41]). However, the best evidence that HSPA could form oligomers within membranes was provided by early reports showing that HSPA8 and HSPA1 form ion channels after insertion into artificial lipid bilayers (Arispe and De Maio [@CR3]; Vega et al. [@CR57]). The possibility for the assembly of HSPA multimeric complexes was confirmed by elegant studies using atomic force microscopy showing the formation of protein clusters upon insertion of HSPA1 into dipalmitoyl phosphatidylserine bilayers (Lamprecht et al. [@CR37]).Fig. 8Model for the presence of antiparallel oligomers of HSPA5 or HSPA1 after incorporation into the lipid bilayer via formation of disulfide bonds

A proteolysis approach was used to learn about the topology of HSPAs within the membrane of liposomes. HSPA1 and HSPA5 within POPS liposomes were very sensitive to proteinase K digestion, suggesting that a great portion of the protein is located outside the liposome. Several small regions of HSPA1 are indeed outside the liposomes and spread along the entire length of the protein (Lopez et al. [@CR41]), and a 27-kDa peptide was found to be resistant to chymotrypsin digestion indicating that it was inserted into the liposome (Armijo et al. [@CR5]). These observations may also be consistent with an antiparallel oligomerization complex, as described above, in which regions within both the N- and C-terminus end could be exposed on the surface of the liposome. In contrast, both HSPA1 and HSPA5 inserted into CL liposomes were resistant to proteinase K digestion. This observation is apparently due to reduced access for this protease since HSPA1/HSPA5 within CL liposomes forms large aggregates at 25 °C that likely hindered accessibility for digestion.

Although our results showed a great deal of selectivity of HSPA5 for negatively charged lipids, it is still unclear how the protein interacts with the natural membranes in which this protein resides. The lumen of the ER is not rich in phosphatidylserine moieties (Yeung et al. [@CR59]) that may explain why the protein has not been detected in the membrane of this subcellular compartment. Similarly, phosphatidylserine is constrained to the inner side of the plasma membrane as a result of an active energy-dependent process to maintain the asymmetry of the plasma membrane (Leventis and Grinstein [@CR40]). However, phosphatidylserine is capable of flipping out the plasma membrane by a process enhanced during cell activation (Elliott et al. [@CR23]; Dillon et al. [@CR21]) or pathological processes (Zwaal et al. [@CR63]). Thus, HSPA5 may encounter phosphatidylserine microdomains within the surface of the plasma membrane that facilitates its insertion, particularly in cancer cells. Although several functions have been ascribed to cell-surface HSPA5, the biological significance of this phenomenon needs further exploration. HSPA5 also showed affinity for CL that is a major component (18%) of the inner mitochondrial membrane (Horvath and Daum [@CR31]). The presence of HSPA5 has been detected within the mitochondrial matrix associated with the inner mitochondrial membrane upon activation of the unfolded protein response (Sun et al. [@CR53]). The presence and possible interaction of HSPA5 with the CL-rich inner membrane may be part of a mechanism to maintain the proper import of proteins into the mitochondria, perhaps in cooperation with HSPA9 (mtHsp70), that is constitutively present in this compartment (De Maio [@CR15]; Daugaard et al. [@CR14]).
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